ABSTRACT. We have previously demonstrated that vagal phase-response curves (PRC), which characterize the effects of critically timed, brief vagal stimuli on sinus node automaticity, exhibit a fundamentally different shape in the canine newborn than in the adult. In this study we analyzed the changes in sinus cycle length in response to critically timed, brief vagal stimuli, delivered to the decentralized cervical right and left vagosympathetic trunks, in two older age groups: 14 1 -mo-old puppies (ages 21-36 d), and eight 2-mosld puppies (ages 56-62 d). Vagal PRC were constructed by plotting the magnitude (percent change) of the vagal chronotropic response as a function of the phase of the cardiac cycle at which the vagus nerve was stimulated. At 1 mo of age adult-type PRC were observed, but in only six of the puppies (43%) and only in response to right vagal stimulation. By 2 mo of age adulttype PRC were observed in seven of eight puppies (88%) in response to right vagal stimulation and in three of eight (38%) in response to left vagal stimulation. Thus, clear developmental changes in the phase dependence of the vagal chronotropic response can be tracked over the first 2 mo of life in the dog. (Pediatr Res 35: 5541,1994) Abbreviations AV, atrioventricular PRC, phase-response curve(s) magnitude of the vagal response being partly dependent upon the phase of the cardiac cycle in which the burst occurs, a potential mechanism exists for fine, beat-by-beat regulation of heart rate and AV nodal conduction by the parasympathetic nervous system.
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We have reported previously that classical phase dependence of the vagal response is not, however, observed in newborn animals (14) . Specifically, we have shown that in the canine newborn phase-response curves generated in response to brief, critically timed vagal stimuli for both sinus cycle length and AV nodal conduction exhibit a different shape or configuration than reported in the adult. In the newborn, rather than a gradual increase in the magnitude of the vagal response as the stimulus is delivered progressively later within the cardiac cycle, we observed most typically no change in the magnitude of the response or, at times, even a decrease in the response. This suggested to us that the newborn might not have the same mechanism for fine regulation of heart rate and AV nodal conduction by the parasympathetic nervous system as the adult.
In this study we report the changes that occur during early postnatal development in the response of heart rate to brief, critically timed vagal stimulation. We demonstrate that in the dog there is a maturation of the response elicited to brief vagal stimulation during the first 60 d of life, with gradual emergence of the adult-type vagal phase-response curve. In addition, we provide evidence that the shape of the vagal PRC during this period of development is, in part, dependent upon the time course of acetylcholine release and hydrolysis.
MATERIALS AND METHODS
Previous in vivo and in vitro studies have demonstrated clearly that the effect of a brief vagal stimulus on heart rate or AV nodal conduction is highly dependent upon the phase within the cardiac cycle that the stimulus is applied (1-12). Typically, this phase dependence is expressed as an absolute increase in the magnitude of the vagal response because a single, brief vagal stimulus is delivered progressively later within the cardiac cycle. The increase in the vagal response continues until a point is reached within the cardiac cycle that the stimulus is delivered sufficiently late that it is unable to affect the next beat. This defines the begnning of the latency period, or the interval from the earliest point in the cardiac cycle where the vagal stimulus elicits no response, to the onset of the next cardiac cycle (7) . This phase dependence may have true physiologic significance because in vivo it is believed that vagal discharges do occur as short, discrete bursts of activity within the cardiac cycle (1 3). With the General preparation. The study was performed in two groups of young mongrel dogs. All experiments were approved by the Tulane University School of Medicine Advisory Committee for Animal Resources and were conducted in accordance with federal guidelines for the care and use of laboratory animals. The first group consisted of 14 puppies approximately 1 mo of age (range, 2 1-36 d). The second group consisted of eight puppies approximately 2 mo of age (range, 56-62 d). The mean (f SD) weight in the first group was 1449 f 308 g and 3249 f 733 g in the second group. Data (previously unreported) from two canine newborns, ages 6 and 17 d old are also presented. All were anesthetized with 30 mg/kg pentobarbital given intraperitoneally and placed on a mechanical ventilator (Harvard model 613, South Natick, MA). A cannula was placed in the left femoral vein for the administration of drugs. A second cannula was placed in the left femoral artery for monitoring arterial blood gases and blood pressure. Surface ECG lead I1 was also monitored. Via the right femoral vein a 4F quadripolar electrode catheter was positioned within the high right atrium to record electrograms from this site and to provide a trigger for the delivery of appropriately timed vagal bursts (see below). Both cervical vagosympathetic trunks were isolated and divided, and the distal ends of each were prepared for electrical stimulation with a pair of platinum bipolar electrodes. The nerves were kept moistened with oxygenated, physiologic saline to prevent drying and to preserve nerve function. Propranolol (1 mg/kg) was administered i.v. 15 min before the beginning of data collection to eliminate sympathetic effects on sinus cycle length during the course of the experiments. In our model, this dose of propranolol completely abolishes the decrease in sinus cycle length caused by a test dose of isoproterenol(0.20 ccg/kg i.v.). Surface ECG, blood pressure, and atrial electrograms were amplified and recorded at a paper speed of 100 mm/s with a Gould TA-2000 chart recorder (Gould Inc., Cleveland, OH). This permitted measurements of the change in sinus cycle length (measured as the AA interval in the right atrial electrode catheter) to the nearest f 5 ms.
Experimental design. Vagal stimuli were delivered at a constant current and with a pulse duration of 2 ms by a programmable stimulator (Bloom model DTU-210, Reading, PA). The strength of the applied stimulation current was chosen in an identical manner in both younger and older puppies. Vagal stimuli were delivered at a current intensity (in milliamperes) that produced a maximal increase in sinus cycle length without producing AV block when stimulating the nerve tonically at a frequency of 8 Hz for approximately 10 sec. In these experiments the mean current output used was 2.3 It 1.1 mA in the l-moold group and 3.4 f 1.1 mA in the 2-mo-old group. In the experimental protocols, vagal stimuli were delivered as a single, brief train of five stimuli with an interpulse interval of 7 ms.
This single train was first delivered once, 10 msec after the high right atrial electrogram was sensed (A-ST 10) and the effect on sinus cycle length (the AA interval recorded in the high right atrium electrode catheter) was determined. The single stimulus train was then delivered at other times within the cardiac cycle, scanning the entire cardiac cycle length randomly to include the following stimulation coupling intervals after the high right atrial electrogram was sensed (A-ST interval): 20,40,60, 80, 100, 125, 150,175,200 . . . ms. One minute was allowed to pass in between each test train. In this way changes in sinus cycle length produced by a brief vagal train could be analyzed as a function of the timing of the vagal burst within the cardiac cycle. PRC were generated by plotting the percent change in sinus cycle length (percent change = 100 [(A 1A2-Al A 1)/A 1 Al)], where A lA 1 represents the control sinus cycle length and A1A2 the sinus cycle length following the brief vagal train, as a function of the A-ST interval. At the conclusion of each complete scan, the response to A-ST 10 was retested to be sure that the response at the end of the experimental protocol was the same as at the start of the experiment. The latency period of the phase-response curve was determined in each experiment and was defined as the interval from the earliest A-ST interval that prolonged the next sinus cycle by less than 5% to the beginning of that cardiac cycle.
In these experiments, we classified PRC as having either a neonatal-type ( " N ) configuration or an adult-type pattern ("A"). We have reported previously (14) that the most noticeable difference between neonatal and adult-type PRC is the shape of the PRC before the latency interval (adult-type PRC gradually increase in magnitude up until latency, whereas neonatal-type PRC remain flat or decrease). To classify PRC in this study, we determined the slope of each PRC through linear regression, from A-ST 10 through the maximum value of the PRC, and included all points up to the beginning of the latency interval (or until the magnitude of the PRC began to decrease by more than lo%, indicating the approach to latency). We defined any PRC with an initial slope of >+0.001 as an adult-type PRC. Complete scans were obtained with right vagus nerve stimulation in all 22 puppies and with left vagus nerve stimulation in four of the 1-mo-old puppies (omitted or abandoned in the others because of technical difficulties such as loss of nerve response), and in all eight of the 2-mo-old puppies.
In addition to phase response curves, we also plotted and analyzed vagal inhibition curves (curves that describe the effect of a brief vagal stimulus over time) as a tool for assessing the time dependent kinetics of the vagal response. The methods for constructing vagal inhibition curves have been well described previously (2) . Briefly, at each A-ST coupling interval, the effect of the brief vagal train on sinus cycle length was measured for each subsequent cardiac cycle (AlA2, A2A3, A3A4.. .A9A10) following the stimulus. The percent change in sinus cycle length was then plotted as a function of the expected ST-A interval (i.e. the interval from the brief vagal train to the expected time of discharge of each sinus beat). To characterize the kinetics of both onset and decay of the primary vagal response, the ascending and terminal limbs of the primary vagal response of the vagal inhibition curve were fitted by linear regression and the slopes of both limbs thus determined. Statistical analysis. All statistical analyses were performed on data obtained during right vagal stimulation. Fisher's Exact test was used to compare the frequency of adult-and neonatal-type PRC in the two age groups. The maximum percent change in response to an 8 Hz vagal train was compared between the two age groups with a two-sample t test. Multivariate analysis of variance, followed by univariate F tests, was used to compare several variables of the neonatal-and adult-type PRC, as well as variables extrinsic to the PRC itself. The PRC variables included the percent change in response to the brief vagal train at A-ST 10, the maximum percent change in response to a brief vagal train at any A-ST interval, the latency period, and the interval between the maximum percent change and the beginning of the latency period. Variables extrinsic to the PRC itself included the percent change in sinus cycle length in response to an 
RESULTS
PRC configuration as a function of postnatal age. PRC generated in response to brief trains of vagal stimulation delivered to the right vagosympathetic trunk were classified as adult-type in six of the 14 1-mo-old puppies (43%) and neonatal-type in eight (57%) (Fig. I) . In contrast, in the 2-mo-old puppies, an adulttype PRC was observed in seven of the eight puppies (88%) and a neonatal-type PRC in only one (Fig. 2) . The difference in the frequencies of the adult and neonatal PRC types between the two age groups was significant ( p < 0.05).
Left vagal stimulation data were available in four of the l-moold puppies and in all eight of the 2-mo-old puppies. Neonataltype PRC were seen in all four of the 1-mo-old puppies even though all were in puppies in which a clear adult-type PRC was observed in response to right vagal stimulation. In the 2-mo-old group, adult-type PRC curves were observed in only three of the eight puppies during left vagal stimulation; the remainder exhibited the neonatal pattern. Thus, a dissociation in the PRC configuration could be observed in the responses to brief right and left vagal stimulation. That is, an adult-type pattern could be observed in response to right vagal stimulation and a neonataltype pattern in response to left vagal stimulation.
Comparison of neonatal-and adult-type PRC. In comparing PRC classified as neonatal-versus adult-type, it was observed that the magnitude ofthe vagal chronotropic response was greater in PRC that were classified as adult-type based on the slope of the initial portion of the PRC (Table 1 ). The slopes of the PRC classified as neonatal-type ranged from -0.0070 to 0.0008 (puppy nos. 1-8, 18), while those classified as adult-type ranged from 0.0016 to 0.0029 (puppy nos. [9] [10] [11] [12] [13] [14] [15] [16] [17] [19] [20] [21] [22] . Both the percent change in sinus cycle length in response to coupling interval A-ST 10 and the maximum percent change in sinus cycle length at any A-St interval were significantly greater in puppies with adult-type PRC. This suggests that the magnitude of the vagal chronotropic response may be linked to the shape of the vagal PRC. Although the vagal chronotropic responses were generally larger in the puppies with adult-type PRC, it should be noted that adult-type PRC could also be observed with relatively weak vagal chronotropic responses. As an example, in Figure 2 , the PRC generated in response to left vagal stimulation in puppy no. 16 showed a clear adult-type pattern and yet the vagal chronotropic response ranged from only 36% at A-ST 10 to a maximum response of 61%. Similarly, we have observed clear neonatal-type PRC in newborns with very large vagal responses. As an example of this, in Figure 3 , a PRC is shown from a newborn dog (age 6 d) in which the magnitude of the vagal response was very large (>90% change in sinus cycle length) and yet the shape of the PRC was clearly a neonatal type. These examples suggest that there may not be a definable threshold of magnitude of the vagal chronotropic response that uniquely determines the shape of the vagal PRC. No significant difference was found in the latency periods of neonatal and adult-type PRC. There was, however, a significant difference noted in the interval separating the A-ST at which the maximum value of the PRC occurred and the onset of the latency period. In adult-type PRC, the interval separating the maximum PRC value from the onset of the latency period was significantly shorter than in neonatal-type PRC.
Relationship of response to tonic vagal stimulation, vagal stimulation intensity, and sinus cycle length to PRC shape. Consistent with previous developmental studies (15, 16) a general increase was observed in the magnitude of the change in sinus cycle length in response to a tonic (8 Hz) vagal stimulation train with increasing age. The maximum percent change in sinus cycle length during an 8 Hz tonic vagal train increased from 54 f 15% in the 1-mo-old puppies to 73 + 19% in the 2-mo-old puppies ( p < 0.05). The maximum percent change in sinus cycle length in response to tonic vagal stimulation was also greater in puppies with adult-type PRC compared with puppies with neonatal-type PRC (68 & 11% versus 51 & 23%, p < 0.01). However, in multiple regression analysis (Table 2) , the magnitude of the response to tonic vagal stimulation was not significantly correlated with PRC shape. The intensity of the current used during vagal stimulation was not significantly different (3.1 + 1.3 mA in puppies with adult-type PRC versus 2.1 & 0.8 mA in puppies with neonatal-type PRC, p = 0.06), and was not correlated with PRC shape.
Because changes in sinus cycle length have been reported to alter the vagal PRC (7) , the influence of sinus cycle length on PRC shape was evaluated. In those puppies with adult-type PRC, the resting sinus cycle length was 422 f 5 1 ms and in puppies with neonatal-type PRC it was slightly shorter (389 f 5 1 ms, p = 0.15). There was a great deal of overlap in the range of sinus cycle lengths in those with adult-type PRC (352-5 15 ms) and neonatal-type PRC (300-480 ms). In the multiple regression model, sinus cycle length was not correlated with PRC shape.
Vagal inhibition curves and PRC conJiguration. Because rapid kinetics for both the release and subsequent hydrolysis of acetylcholine are considered essential conditions for the critical phase dependence of the vagal chronotropic response as expressed in the adult-type PRC, vagal inhibition curves (curves that describe the effects of a brief vagal volley over a period of time) were constructed for each puppy. In the puppy [and as described by others (19) ], these curves typically consisted of a large, primary wave of inhibition (thought to reflect the direct, hyperpolarizing effect of acetylcholine on the sinus pacemaker) followed by a longer, lower amplitude secondary wave of inhibition, lasting for approximately 3-5 s (Fig. 4) . These two components were sometimes separated by a period of relative or absolute acceleration of the sinus rate in some puppies, bestowing a triphasic shape to the vagal inhibition curve. Analysis of the ascending and descending limbs of the primary wave of inhibition demonstrated that differences in the kinetics of the development and decay of the primary vagal response were highly correlated with the vagal PRC shape (Table 2) . Representative vagal inhibition curves from three puppies with neonatal-type PRC (puppy nos. 3, 4, 7) and adult-type PRC (puppy nos. 9, 1 1, 22) are shown in Figure 4 . With respect to the ascending limb of the vagal inhibition curve, the adult-type PRC pattern was associated with a more rapid upslope compared with PRC with the neonatal-type pattern (adult, 37.66 k 16.03; neonate, 3.34 f 2.14, p < 0.01). In only one instance was there overlap of the values of the slope of the ascending limb in puppies with adult-and neonatal-type PRC. Similarly, the rate of decay of the vagal response, as reflected in the slope of the descending limb of the primary wave of vagal inhibition in the vagal inhibition curve, was also more rapid in puppies with adult-type (Fig. 5A) . The vagal inhibition curve (Fig. 5B ) from the same puppy demonstrates a very prolonged slope of the terminal limb of the primary wave of inhibition (slope = -0.228). That the kinetics of development of the vagal chronotropic response is slow is also demonstrated by the PRC. Throughout the range of A-ST coupling intervals, the chronotropic response of the cardiac cycle in which the vagal train is delivered rapidly decays (A 1A2), whereas the vagal chronotropic response is nearly maximal at every A-ST coupling interval in the following cardiac cycle (A2A3). In this example, vagal stimuli delivered no earlier than 260 ms, and as long as 590 ms before the next cardiac cycle, prolong the cardiac cycle maximally. The slope of the ascending limb of the primary wave of inhibition of the vagal inhibition curve in this puppy was slow (1.954).
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In this study we have tracked the maturation of the response Fig. 4 . Representative vagal inhibition curves in puppies with neonatal-type vagal PRC (left-hand column) and adult-type vagal PRC (righthand column). The ordinate represents the percent change in sinus cycle length and the abscissa the time from the vagal stimulus to the expected discharge of the sinus node (ST-A interval). The curves have a characteristic shape, with a primary wave of inhibition (first large peak) that lasts for -I s and a secondary wave of inhibition that is of a lesser magnitude and lasts for at least 3 s. As illustrated by puppy nos. 3, 7 and 22, these two waves of inhibition are often separated by a short period of relative or absolute acceleration of the sinus pacemaker rate. Both the ascending and descending limbs of the primary wave of inhibition were fit by linear regression (or, for ascending limbs with only two points, by connecting the peak response to the previous ST-A interval with no change in sinus cycle length) and the slopes were determined. Both ascending and descending slopes were significantly greater in those puppies with adulttype vagal PRC.
puppies with adult-versus neonatal-type PRC. Thus, with the emergence of the adult-type PRC configuration, vagal inhibition curves suggest that the kinetics of the vagal response become more rapid. That is, greater changes in the vagal chronotropic response (increases on the ascending limb, or decreases on the terminal limb of the vagal inhibition curve) occur in response to very small changes in the coupling interval (ST-A) of the vagal stimulus.
Inspection of neonatal-and adult-type PRC also supports differences in the kinetics of the vagal response. As described above, in puppies with adult-type PRC, a very narrow A-ST coupling range generally separates the maximum vagal response and the onset of the latency period (38 i 24 ms). As examples, in the PRC of puppy nos. 9 and 10 ( Fig. 1 B) , and nos. 15 and 17 ( Fig. 2) , there is only a 25-ms difference in the A-ST coupling intervals of the maximum vagal chronotropic response and the onset of latency. This would be possible only with a very discrete that over this period of time a significant change occurs in the phase dependence of vagal chronotropic responses. Specifically, we have shown that the vagal PRC undergoes a fundamental change in configuration: from the neonatal-type reported by our laboratory in canine neonates (14) to the classical adult-type PRC configuration reported in the adult. At 1 mo of age, vagal PRC generated in response to right vagal stimulation demonstrated the typical adult configuration in 43% of the puppies studied, compared with < 1 % in the newborn period. This number increases to nearly 90% by 2 mo of life. Furthermore, by 2 mo of life, adult-type PRC configurations begin to emerge in response to left vagal stimulation. Thus, just as maturation of the vagal chronotropic response to tonic vagal stimulation has been tracked over the first months of life (15, 16) , we have defined the early time course of maturation of yet another important physiologic aspect of parasympathetic function: critical timedependence of the vagal response.
In addition to defining the time course of maturation of this particular aspect of parasympathetic function, our data also provide insight into possible factors that might contribute to the transformation of the vagal PRC from the neonatal-type to the adult-type in the first 60 d of life. The following variables have been reported to influence the shape and/or amplitude of the vagal PRC: I ) the resting sinus cycle length (7), 2) the strength of the applied vagal stimulus (1, 4) , and 3) the ambient acetylcholinesterase activity (17) . No differences were noted in our study in the resting sinus cycle lengths of puppies with neonatalor adult-type vagal PRC. Furthermore, sinus cycle length was not correlated with PRC shape by multiple regression analysis. Similarly, the strength of the applied vagal stimulus in this study did not predict the shape of the PRC. We did note, however, that the absolute magnitude of the vagal chronotropic responses of the PRC were significantly greater in puppies with adult-type PRC compared with neonatal-type PRC. With a larger vagal response, not only does the magnitude of the vagal response increase but sinus node cell populations also tend to become more tightly synchronized (18) . This is expressed in the vagal PRC as a very small difference in the A-ST interval that evokes the maximum vagal response and the onset of the latency period, as typically seen in the adult-type PRC.
Although a greater vagal chronotropic response was observed in puppies with an adult-type PRC shape, there are some critical observations that argue against this as being the single factor determining developmental differences in the shape of the vagal PRC. The first observation is that, in the puppy, very large vagal responses can, in fact, result in flat, neonatal-type vagal PRC (Fig. 3) . The second observation relates to the phase difference between the maximum vagal response and the onset of the latency period. Although the phase difference is, in most instances, wider in neonatal-type PRC as compared with adulttype PRC, there are also very clear examples of neonatal-type PRC with very narrow phase differences between the maximum response and the onset of latency [ Fig. 3 ; Fig. 1 in Yamasaki et al. (14) l. These examples would suggest that in these instances sinus nodal cells were, in fact, highly synchronized (i.e. the vagal stimulation intensity and/or response was maximal) and yet the shape of the vagal PRC was still not the classic adult-type PRC. Thus the magnitude of the vagal chronotropic response alone does not fully account for the different shapes of the neonataland adult type PRC.
Our analysis of vagal inhibition curves, as well as inspection of the vagal PRC, suggest to us that changes in the kinetics of the development of the vagal response and/or the decay of the vagal response may also contribute to the change in shape of the vagal PRC over the first 2 mo of life in the dog. Both the rates of development and decay of the primary wave of the vagal inhibition curve were significantly slower (with virtually no overlap of values) in puppies with neonatal-type PRC compared with those with adult-type PRC. The rate of decay of the primary vagal response has been considered a measure of the time course of action of acetylcholinesterase (19) . That the neonatal PRC may, at least in part, be the result of an absolute or relative "insufficiency" of acetylcholinesterase in the immature canine heart has previously been proposed by us (14) . This hypothesis is supported by the observations of Henning et al. (17) , who demonstrated that acetylcholinesterase inhibition flattens the shape of the vagal PRC and increases the phase difference between the maximum vagal response and the onset of the latency period in adult dogs. A delayed time course of hydrolysis of acetylcholine and/or a delayed rate of development of the primary vagal response would both result in PRC in which the vagal response is less critically dependent on the phase within the cardiac cycle that the vagal stimulus is delivered. Alternatively, rather than an actual deficiency of acetylcholinesterase, the apparent delay in the time course of hydrolysis of acetylcholine may be simply a direct consequence of a greater dispersion over time of the release of acetylcholine (i.e. lack of synchronization). Direct measurements of acetylcholinesterase activity would be necessary to differentiate accurately between these possibilities. We do believe, however, that such kinetic considerations, in addition to the magnitude of the vagal chronotropic response, are the prime factors that determine the shape of the vagal PRC in these young puppies.
Finally, our experiments clearly demonstrate that the PRC generated in response to brief right and left vagal stimulation can be discordant. That is, it is possible to have a PRC in response to right vagal stimulation that is adult-type and, at the same time, a PRC in response to left vagal stimulation that is neonataltype. This provides very strong evidence that mechanisms that determine the shape of the vagal PRC do not involve the maturation of postsynaptic receptors, or intracellular signaling. It suggests that it is functional maturation of right and left parasympathetic neuronal elements proximal to the postganglionic synapse that is important in the transformation of the PRC from neonatal-to adult-type. That maturation of right and left vagal function could be functionally discordant is supported by the recent demonstration that there is minimal convergence of preganglionic vagal fibers on postganglionic neurons in the canine heart (20) . Thus, a difference in the time course of maturation of the response to right versus left vagal nerve stimulation could be easily detectable in our canine model, given the absence of multiple interconnections between the two parasympathetic divisions.
In summary, these experiments track the maturation of the response of the canine sinus node to brief, critically timed vagal stimuli. Transformation of the response from the neonatal-to the adult-type PRC in response to right vagal stimulation is nearly complete by 2 mo of age. The response to left vagal stimulation appears to lag behind, but adult-type PRC begin to emerge at 2 mo of age. Our data suggest that the maturation of more than one aspect of parasympathetic function may be involved in the change in PRC configuration noted in early life. These factors relate to the magnitude of the vagal response and the kinetics of the primary wave of vagal inhibition. Maturation of this aspect of parasympathetic function has physiologic significance, as emergence of the adult-type PRC implies that the capability exists for very fine, beat-by-beat regulation of heart rate by the autonomic nervous system. This could conceivably be reflected as subtle differences in heart rate variability characteristics in the neonate compared to the adult. Such differences might prove to be of value in the characterization and subsequent detection of delayed maturation, or autonomic dysfunction in a variety of clinical settings.
